Changes in intramyocardial tissue pressure modulate the relationship between coronary pressure and flow during the cardiac cycle. The present study compared the relation between measured and calculated diastolic subendocardial tissue pressure and coronary pressure at zero flow in anesthetized dogs after modulation of either coronary sinus (i.e. Fogarty catheter) or left ventricular intracavity (i.e. volume loading) pressure. Experiments were conducted in anesthetized, instrumented dogs; coronary pressure flow relations were constructed during pharmacologic vasodilatation and intramyocardial tissue pressure was measured using micromanometer pressure sensors. Elevated coronary sinus pressures did not affect subendocardial pressure-flow relations signifying that diastolic tissue pressure within this layer is the effective coronary back pressure. Higher left ventricular intracavity pressure did not affect either diastolic subendocardial tissue pressure or pressure flow relations within this layer. Results show a direct linear relation (y = 1.106x − 0.652; r 2 = 0.59. P = 0.001) between measured and calculated diastolic subendocardial tissue pressure and coronary pressure at zero-flow over a wide range of pressures after either LV systemic or coronary sinus pressure modulation. Knowledge of back pressure in the subendocardium is useful for the evaluation of efficacy of cardiac interventions on myocardial perfusion particularly at the level of the microcirculation.
Introduction
Changes in intramyocardial tissue pressure during the cardiac cycle can strongly affect the complex relationship between coronary pressure and flow. Bellamy initially reported that diastolic coronary blood flow can be stopped even if arterial perfusion pressure is superior to venous pressure [1] . Those studies, performed in conscious dogs, documented a positive coronary zero flow pressure (Pzf) intercept that exceeded venous pressure in the absence of coronary vascular smooth muscle tone; however, in the presence of intact tone Pzf is noticeably lower. The higher Pzf values during vasodilatation could be explained by either a Starling resistor effect within resistance vessels [1] [2] or a compliance effect of intramyocardial vessels [3] . Indeed, both hypotheses postulate that myocardial tissue pressure is partly responsible for genesis of Pzf.
The existence of tissue pressure gradients across the left ventricular wall during the cardiac cycle is well documented [4] [5] [6] [7] ; intramyocardial pressure increases from subepicardium to subendocardium [6] [8] and during diastole is higher than intracavitary pressure [9] . Satoh et al. documented the marked dependence of intramyocardial tissue pressure on Pzf in transiently arrested canine hearts [10] [11] . These findings suggest that intramyocardial tissue pressure directly affects perfusion across the ventricular wall. When autoregulatory reserve is exhausted, diastolic subendocardial tissue pressure is believed to be the effective coronary back pressure, however, it must be greater than, or equal to, either left ventricular or coronary sinus pressure. During maximal pharmacologicallyinduced vasodilatation, the relation between coronary pressure and flow (PFR) is linear [12] . We already established in normal, in situ canine beating hearts that elevated coronary sinus pressure had no effect on subendocardial PFR; however at the same time the slope of the subepicardial PFR decreased [5] . These findings suggested that diastolic intramyocardial tissue pressure could be the effective back pressure in the subendocardium. As such, during diastole, subendocardial tissue pressure (measured with needle-tip transducers) and Pzf should be comparable; we therefore examined this hypothesis in the present study after modulations of either left ventricular chamber, or coronary sinus, pressures in anesthetized dogs.
Material and Methods
Adult (2 -5 years of age) male mongrel dogs (n = 19) weighing 20 -25 kg were used for these studies; dogs were fed a standard diet and provided access to water ad libitum. Dogs were procured through the Service des Animaux de l'Université Laval. All animals received humane care in compliance with the Guide to the Care and Use of Experimental Animals (vols. 1 and 2) of the Canadian Council on Animal Care. Laval University is compliant with these guidelines (A5012-01); the Laval University Animal Ethics Committee approved these studies.
Surgical Protocol
Dogs were pre-medicated with diazepam (1 mg/kg, intravenous (IV); Sandoz Canada Inc., Boucherville, QC) and fentanyl citrate (20 µg/kg, IV; Sandoz Canada, Inc., Boucherville, QC) and subsequently anesthetized with α-chloralose (100 mg/kg, IV; #23120, Sigma-Aldrich Canada, Oakville, ON); a supplemental dose (25 mg/kg/h, IV) was administered to ensure anaesthesia. Following intubation, dogs were ventilated (Bird Mark 7 A respirator; Bird Corp., Calif.) with an air/ oxygen mixture to maintain blood gases within the physiological range. Catheters were positioned in the right and left femoral veins for saline infusions and withdrawal of blood samples. Via a midline abdominal incision, the spleen was removed to minimize adjustments in blood volume and hematocrit [13] ; for the left ventricular (LV) pressure modulation experiments (i.e. Study B), 450 ml of blood was collected over 30 min in a 1 L heparinized flask containing 200 ml physiological saline. The abdominal cut-down was subsequently closed with surgical clips and a thermistor probe placed to measure abdominal temperature (maintained ±38˚C).
The heart was exposed through a left thoracotomy (cf. Figure 1 experimental procedure); the pericardium was opened and the heart suspended in a pericardial cradle. A catheter was inserted into the internal thoracic artery for withdrawal of reference blood samples (for microsphere studies). A Pigtail (8F) catheter placed at the level of the aortic arch measured systemic pressure. A Fogarty catheter (balloon tip directed towards the ostium) was positioned in the coronary sinus to modulate coronary sinus pressure; in the LV cavity a Millar transducer (MPC 500) was positioned via the apex. The left main circumflex artery was dissected proximal to the first major marginal branch and a flow probe situated to measure phasic coronary blood flow (T206, Transonic Systems, New York, U.S.A.). A mechanical screw occluder was positioned just distal to the flow transducer to allow adjustments in coronary perfusion pressure. Arterial pressure just distal to the occluder was measured with a fluid-filled cannula introduced into the circumflex artery as previously described [14] ; catheter patency was checked by venting to the atmosphere. Needle-tip transducers (5Fr, 1.7 mm O.D., Millar Instruments, Houston, U.S.A.) were situated in subepicardium and subendocardium layers; sensors were oriented to face the endocardium [5] [7] .
Left atrial, coronary artery and ascending aorta catheters were connected to Statham P23Db strain gauge manometers; zero was set at mid-chest level. Millar transducers were cross-calibrated with systolic aortic and diastolic left atrial pressures. Phasic coronary blood flow was measured using a volume flow-meter; all data were continuously recorded on a multi-channel recorder (Electronics for Medicine, Honeywell Instruments, Montréal, QC). At the end of each experiment, a ligature was tied around the circumflex artery distal to the micrometric occluder and India ink was injected to permit delineation of the posterior perfusion bed. Under deep anesthesia, the heart was arrested (in diastole) by intra-atrial injection of saturated KCl; the heart was extirpated, washed and fixed by immersion in 10% (v/v) neutral formalin (SigmaAldrich Canada, Oakville, ON).
Experimental Protocol

Calculations and Data Analysis
The atria, ventricles and interventricular septum were sectioned and blood flow analyzed as previously described [18] [19] . Myocardial oxygen consumption (MVO 2 ; ml/min/100 g) was calculated as the product of total myocardial blood flow (microspheres) and the artero-coronary sinus oxygen content difference.
Hemodynamic data were compared using ANOVA; P-value of 0.05 was considered statistically significant. For each dog, diastolic circumflex artery pressure (Y axis; mmHg) was plotted against subendocardial blood flow (X axis; ml/min/ 100 g) to construct subendocardial PFR [12] [20] using a minimum of three pressure-flow data points; using a linear regression model the Pzf was calculated (i.e. the intercept on the Y-axis). Data from all dogs were pooled and a correlation between Pzf and diastolic subendocardial tissue pressure determined using a linear regression model. To analyse PFR in subendocardium and LV posterior wall, myocardial blood flow (microspheres) was plotted against diastolic circumflex artery pressure. The slope of the regression lines were calculated by fitting the data to a simple linear regression model; Pzf was determined. The PFR and PzF were determined for each dog and for the pooled data and values were compared between control and high coronary sinus or LV pressures. The correlation coefficient was determined for each regression and differences between slope and intercepts on the pressure axis were tested using ANOVA. The 95% confidence interval for each regression was also estimated as previously described [5] . All statistical analyses were done using the SAS General Linear Model and Correlation procedures [21] .
Results
Study A: Coronary Sinus Modulation
Hemodynamic changes during coronary sinus pressure elevation are summarized in Table 1 ; as expected coronary sinus systolic and diastolic pressures increased; diastolic pressure in the epicardial tissue layer increased markedly but subendocardial tissue pressure was unaffected. All other hemodynamic variables such as heart rate and LV pressure were stable. In addition, diastolic coronary artery pressure and myocardial oxygen consumption were comparable to control conditions.
Higher coronary sinus pressures resulted in a downward shift of the total myocardial PFR (vs. baseline) with no effect on the subendocardial layer PFR as shown in Figure 2 . The absence of change in subendocardial layer PFR suggests that diastolic tissue pressure in this layer must be greater than, or equal to coronary sinus pressure. Consequently, diastolic subendocardial tissue pressure appears to be the effective coronary back pressure. In Figure 3 , we show that under either control or increased coronary sinus pressure conditions that the correlation between calculated subendocardial Pzf and diastolic subendocardial tissue pressure is linear.
Study B: LV Intracavity Pressure Modulation
Hemodynamic changes during LV loading are reported in Table 1 . Marked increase of LV and diastolic coronary artery pressure occurred as expected; significant changes were observed for heart rate (decreased) and systolic/diastolic coronary sinus pressure (increased). Diastolic tissue pressure in both subendocardial and epicardial layers increased as did myocardial oxygen consumption. The correlation between calculated subendocardial Pzf and diastolic subendocardial tissue pressure was also linear during either baseline or higher LV intracavity pressure conditions (cf. Figure 2 ).
All data from both studies were pooled since no discernible difference was observed after comparing the relation between measured and calculated suben- 
Discussion
Results of the present study document a direct correlation between measured and calculated diastolic subendocardial tissue pressure and Pzf over a wide range of pressures. This relationship has previously been examined in an experimental model of prolonged diastole [22] ; results showed that blood flow is abolished when tissue pressure in the subepicardial tissue layer and coronary artery pressure are equal. However, closing pressures in the subendocardial layer and blood flow were not evaluated in that study. It has been established that the subendocardial tissue layer is at greater risk of injury in the setting of cardiovascular disease and is due, in part, to alterations in blood flow at the level of the microcir- creases which ultimately contributes to greater total coronary vascular resistance [27] . Since distribution of vascular resistance is primarily located between arteries and arterioles, the added element of transmural heterogeneity between subepicardium and subendocardium must also be considered. The distribution of microvascular resistances and pressures differs within subendocardial and subepicardial microcirculations during maximal vasodilatation [28] .
Myocardial tissue pressure [6] , ventricular loading conditions [14] [29], pericardial pressure [30] , as well as arterial inflow and coronary sinus outflow pres- [32] ; the relative balance between intramyocardial and intravascular pressure is assumed to be constant within subendocardium and midmyocardium. On the other hand, the diameter of midmyocardial venules is constant from end-diastole to end-systole, however, the diameter of subepicardial and subendocardial venules varies [34] . Forward and backward movement of intramyocardial blood within coronary capacitance vessels (i.e. coronary slosh) also occurs during contraction; during systole, intramyocardial blood translocates from deeper to superficial myocardial layers [35] [36]. Physiopathological changes within intramyocardial vessels also induce profound changes in blood perfusion within the deeper myocardial layers [37] .
Various methodological limitations of these studies merit consideration. First of all, back pressure in the subendocardium corresponds to tissue pressure that is equal or greater than coronary venous pressure [5] . Overestimation of Pzf is possible particularly when it is extrapolated from a linear regression due to concavity (due to presence of collateral blood flow [38] ) of the pressure-flow curve as it approaches the blood flow axis (i.e. y-axis) at low coronary perfusion pressures [38] [39]. However, when mean coronary perfusion pressure is maintained above 40 mmHg, as in the present study, the influence of collateral blood flow is minimized due to the fact that perfusion pressure is higher than that necessary for recruitment of collateral vessels and induction of myocardial ischemia. Secondly, the selected experimental model accounted for most factors that modulate myocardial perfusion with the exception of coronary sinus and LV intracavity pressure. Thirdly, experiments were performed during pharmacologic vasodilatation to minimize potential coronary artery capacitance effects [19] . Finally, potential problems related to measurement of intramyocardial tissue pressures are known; for instance, tissue damage and oedema may occur during placement of sensors [40] . However, we [41] , and others [10] 
